Background: Metabolites generating mitochondrial membrane potential (⌬⌿) enter through voltage-dependent anion channels (VDAC). Results: VDAC3 contributed to ⌬⌿ formation more than VDAC1/2. VDAC3 knockdown decreased ATP and NADH/NAD ϩ .
Non-proliferating tissues under aerobic conditions generate about 5% of cellular ATP through glycolysis and the remainder by mitochondrial oxidative phosphorylation. By contrast, cancer cells exhibit enhanced aerobic glycolysis and suppression of mitochondrial metabolism, as first described by Otto Warburg in the 1920s and referred to as the Warburg phenomenon (1, 2). Accordingly in aerobic cancer cells, glycolysis accounts for 50 to 70% of total cellular ATP production (3) . In addition to ATP generation, enhanced glycolysis provides NADPH from the pentose shunt and carbon backbones for synthesis of lipids, proteins, and nucleotides for biomass formation during cell proliferation (4) . The relevance of Warburg metabolism for cancer cell proliferation is well established, since augmentation of oxidative phosphorylation and/or inhibition of glycolysis promote cancer cell death both in vivo and in vitro (5) (6) (7) .
Although Warburg suggested that what we now call oxidative phosphorylation is damaged in cancer cells, isolated tumor mitochondria are actually fully functional with regards to respiration and ATP synthesis (8) . Moreover, mitochondria of cancer cells maintain mitochondrial membrane potential (⌬⌿) through respiration and ATP hydrolysis as predicted by chemiosmotic theory (9) . Thus, suppression of mitochondrial metabolism in tumor cells is not a deficit of mitochondrial function but rather a physiological adaptation that remains incompletely understood. Oxidative phosphorylation requires flux of ATP, ADP, P i , and respiratory substrates into and out of mitochondria. These hydrophilic metabolites cross the mitochondrial outer membrane via voltage-dependent anion channels (VDAC) 3 (10 -13) . VDAC is a highly conserved pore-forming 32 kDa protein comprising three isoforms in humans: VDAC1, VDAC2, and VDAC3 encoded by separate genes. VDAC1 is the most abundant and best studied of the VDAC isoforms. VDAC1 forms a membrane-embedded ␤-barrel with an N terminus ␣-helix positioned inside the channel lumen as revealed by its crystal structure (14 -16) . In the open state, VDAC1 forms an aqueous channel of ϳ2.5 nm in internal diameter that is permeable to molecules up to ϳ5 kDa for nonelectrolytes, whereas pore diameter decreases to 1.8 nm in the closed state (17) (18) (19) (20) . VDAC is gated by voltage and shows ion selectivity. VDAC in its open state is permeable to ATP, ADP, and respiratory substrates. Although VDAC is generally considered to be constitutively open in aerobic cells, partial closure of VDAC has been proposed to account, in part, for the suppression of mitochondrial metabolism in the Warburg phenomenon (9, 21, 22) .
Dimeric ␣␤-tubulin at nanomolar concentrations blocks VDAC conductance to make VDAC virtually impermeable to ATP (23) . Free dimeric tubulin also suppresses respiration in isolated mitochondria and permeabilized cells by limiting mitochondrial entry of respiratory substrates, ADP and P i for oxidative phosphorylation (23) (24) (25) . In HepG2 human hepatoma and other cancer cells increased free tubulin decreases mitochondrial ⌬⌿, which implies that free tubulin promotes VDAC closure in intact tumor cells (9) . Accordingly, VDAC closure by free tubulin may contribute to suppression of mitochondrial metabolism in the Warburg phenomenon (9, 21, 26) .
Erastin is a VDAC-binding small molecule that is selectively lethal to some cancer cells (27) . It has been reported that erastin decreases the rate of NADH oxidation in isolated yeast mitochondria expressing a single mouse VDAC isoform (27) and that erastin increases permeance of NADH into liposomes containing human VDAC2 (28) . However, the effects of erastin on VDAC function remain poorly understood.
Here, we evaluate the role of specific VDAC isoforms in mitochondrial metabolism by HepG2 cells and the effect of erastin on tubulin-VDAC interactions. Our results show that endogenous free tubulin in intact HepG2 cells decreases conductance of VDAC1 and VDAC2. Rather, conductance of the minor isoform VDAC3, which is relatively insensitive to tubulin, is most important for maintenance of mitochondrial ⌬⌿, ATP generation, and redox state. We show also that erastin prevents and reverses tubulin-induced VDAC blockage both in situ and in vitro to promote mitochondrial metabolism and antagonize Warburg metabolism.
EXPERIMENTAL PROCEDURES
Materials-HepG2 cells and Eagle's minimum essential medium were purchased from American Tissue Culture Collection (Manassas, VA), AMP from Acros Organic (Pittsburgh, PA); ATP, ADP, carbonylcyanide m-chlorophenylhydrazine (CCCP), erastin, colchicine, myxothiazol, nocodazole, and paclitaxel from Sigma; diphytanoyl phosphatidylcholine from Avanti Polar Lipids (Alabaster, AL); tubulin from Cytoskeleton (Denver, CO); and tetramethylrhodamine methylester (TMRM) and Multispeck Multispectral Fluorescence Microscopy Standards kits from Invitrogen (Carlsbad, CA). All other reagents were analytical grade.
Cell Culture-HepG2 human hepatoma cells (American Type Culture Collection) were grown in Eagle's minimum essential medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 g/ml streptomycin in 5% CO 2 / air at 37°C. For confocal microscopy, cells were plated for 48 h on glass bottom culture dishes (MatTek, Ashland, MA). Live cell imaging was performed in 5% CO 2 25 , and HEPES 20, pH 7.4, as described (9) .
siRNA Treatment and Real-time PCR-HepG2 cells grown to 70 -80% of confluency were transfected with siRNA (5 nM) targeting VDAC1, VDAC2, and VDAC3 or control non-target siRNA (Ambion, Austin, TX). Non-target siRNA was Silencer Select Negative Control #1 siRNA (Catalogue #4390844). siRNAs for VDAC1, VDAC2, and VDAC3 were Silencer Select siRNAs: VDAC1, Catalogue #4390824, ID:s14769; VDAC2, Catalogue #4392420, ID:s14771; and VDAC3, Catalogue #4392420, ID:s230730. siRNAs were reverse transfected using Lipofectamine RNAiMAX Transfection Reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). mRNA levels of VDAC1, VDAC2, and VDAC3 were assessed by two-step quantitative polymerase chain reaction (qPCR). Total RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA) and quantified using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies, Inc.). RNA was reverse transcribed into cDNA using a Bio-Rad iScript cDNA Synthesis kit. Primers for VDAC isoforms were designed using the Mfold webserver for nucleic acid folding prediction and Primer 3 for primer design. Forward and reverse primers were: 18S ribosomal RNA (r18S), GAG GGA GCC  TGA GAA ACG G and GTC GGG AGT GGG TAA TTT GC;  VDAC1, GGG TGC TCT GGT GCT AGG T and GAC AGC  GGT CTC CA A CTT CT; VDAC2, CCA AAT CAA AGC TGA  CAA GGA and TTT AGC TGC AAT GCC AAA AC; and  VDAC3, TTG ACA CAG CCA AAT CCA AA and TGT TAC  TCC CAG CTG TCC AA. qPCR was performed with a Bio-Rad MyiQ Single-Color Real-Time PCR Detection System using iQ SYBR Green Supermix (Bio-Rad). The abundance of VDAC isoforms was normalized to 18S rRNA by the ⌬⌬Ct method using Ct values obtained with MyiQ software.
Western Blots-Protein was quantified using bovine serum albumin as standard (Bio-Rad protein assay). Samples were separated on 4 -12% NuPAGE Bis-Tris gels (Invitrogen) and transferred onto nitrocellulose membranes using an iBlot Dry Blotting System (Invitrogen). Blots were blocked for 60 min in 5% albumin and probed with antibodies against VDAC1 (SC-8828, Santa Cruz Biotechnologies, Santa Cruz, CA, 1:200); VDAC2 (Ab-47104, Abcam, Cambridge, MA, 1:500); VDAC3 (MSA03/ E0836, MitoSciences, Eugene, OR, 1:1000); and ␤-actin (691002, MP Biomedicals, Solon, OH, 1:2000). Immunoblots were developed using secondary antibodies conjugated to peroxidase (Santa Cruz Biotechnology SC-2020 donkey anti-goat, SC-2004 goat anti-rabbit, and SC-2005 goat anti-mouse for VDAC1, VDAC2 and VDAC3 detection, respectively) at 1:3000. Detection was performed using a chemiluminiscence kit (Supersignal Westpico Chemiluminiscent Substrate, Rockford, IL).
Loading of Tetramethylrhodamine Methylester and Laserscanning Confocal
Microscopy-Cells in HBSS were loaded 30 min at 37°C with 200 nM of TMRM. After loading and washing, subsequent incubations were performed with 50 nM TMRM to maintain equilibrium distribution of the fluorophore, as described (29) . TMRM-loaded cells were incubated in HBSS in humidified 5% CO 2 /air at 37°C and imaged with a Zeiss LSM 510 NLO inverted laser scanning confocal/multiphoton microscope (Thornwood, NY) using 63ϫ 1.4 N.A. planapochromat oil immersion lens, as described (9, 30) . Fluorescence of TMRM was excited at 543-nm and detected through a 560-nm longpass filter and a one Airy unit diameter pinhole. NADH autofluorescence was imaged using multiphoton laser excitation (720 nm, 15% power) and an infrared-blocking emission barrier filter (460 Ϯ 25 nm).
Fluorescent polystyrene microspheres (4-m, MultiSpeck Multispectral Fluorescence Microscopy Standards Kit M-7901, Molecular Probes, Invitrogen) were used as fiduciary markers. Microspheres were prediluted in HBSS and added to TMRMloaded cells incubated in HBSS at a final concentration of 30,000/ml. Images were taken 20 min after addition to allow sedimentation of the microspheres.
TMRM fluorescence and NADH autofluorescence were quantified using Zeiss LSM and Photoshop CS4 (Adobe Systems, San Jose, CA) software. TMRM fluorescence and NADH autofluorescence were determined after subtraction of background of fluorescence images collected within the coverslip.
HPLC Detection and Quantification of Adenine NucleotidesThe incubation medium of HepG2 cells cultured in 6-well plates was replaced with 2.5% trichloroacetic acid (TCA) at 4°C. After 3 min, the plates were scraped, and the extracts were centrifuged at 10,000 ϫ g for 5 min at 4°C. The supernatants were then diluted with water and neutralized with 0.1 M Tris acetate buffer. Adenine nucleotides in the extracts were quantified using a Waters Model 1525 Binary Breeze HPLC pump equipped with a Model 717 Plus Autosampler and a Model 2487 UV-Vis Detector (Waters, Milford, MA). Experiments were performed using a C 18 , 5 m, 4.6 ϫ 150-mm reverse phase column (SunFire TM , Waters), isocratic elution (1 ml/min) with 100 mM Na-phosphate buffer (pH 5.5), and detection at 260 nm. The TCA lysates (25 l) were injected into the column, and ATP, ADP, and AMP were detected at approximate retention times of 4.1, 4.9, and 11.5 min, respectively. Authenticity of detection was confirmed by spiking actual samples with known amounts of ATP, ADP, and AMP as standards. Peak areas were quantified using Empower 2 software (Waters). Millimolar concentrations of adenine nucleotides and P i were calculated based on measured protein/cell assuming a cell volume of 4000 fl (31) .
Phosphate Determination-Inorganic phosphate in cellular extracts was determined with a Phosphate Colorimetric Assay Kit (BioVision, Mountain View, CA, Cat. #K410-500) according to the manufacturer's instructions.
Mitochondrial Fractions-HepG2 cells were trypsinized, and mitochondrial fractions were prepared using a Mitochondria/ Cytosol Fractionation Kit (BioVision, Cat. #256-25) at 4°C according to the manufacturer's instructions. The resulting crude mitochondrial fraction was stored at Ϫ20°C for subsequent isolation of VDAC.
VDAC Isolation and Reconstitution-VDAC was isolated from HepG2 mitochondrial fractions and reconstituted into planar bilayer membranes of diphytanoyl phosphatidylcholine (DPhPC) across a 70 -80 m diameter aperture within a Teflon film separating two compartments containing 1 M KCl buffered with 5 mM Hepes at pH 7.4, as described with minor modifications (32) . After VDAC channel insertion and measurement of VDAC parameters, bovine brain tubulin was added to one side of the planar bilayer under constant stirring for 1 min. As indicated erastin was added to both sides of the membrane under constant stirring.
Current recordings were performed using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) in the voltage clamp mode, as described (32) . Potential was defined as positive when higher on the side of VDAC addition (cis). Multichannel experiments were carried out with an average of ϳ50 channels reconstituted into the planar bilayer. VDAC voltage-dependent properties were assessed following protocols developed previously in which gating is inferred from the channel response to a slowly changing periodic transmembrane voltage (5 mHz, Ϯ60 mV) (33, 34) . Data were collected and analyzed as previously described (32) .
Statistics-Differences between groups were analyzed by the Student's t test using p Ͻ 0.05 as the criterion of significance. Data points are means of 3-6 independent experiments Ϯ S.E. Images are representative of three or more independent experiments.
RESULTS

Isoform-specific siRNA Knockdown Selectively Decreases mRNA and Protein Expression of All VDAC Isoforms in HepG2
Human Hepatoma Cells-HepG2 cells expressed all three VDAC isoforms, as assessed by qPCR. VDAC2 (ϳ49%) was the most abundant isoform, followed by VDAC1 (ϳ40%) and VDAC3 (ϳ11%) (Fig. 1A) . Transfection with isoform-specific siRNAs (5 nM) targeting VDAC1/2/3 decreased corresponding VDAC mRNA levels by ϳ90% after 48 h without affecting mRNA expression of the other VDAC isoforms (Fig. 1B and data not shown). Immunoblotting also showed that siRNA treatment for 48 h selectively knocked down protein expression of the target VDAC isoforms by ϳ90% without affecting nontarget VDAC isoforms (Fig. 1B) .
VDAC Knockdown Decreases Mitochondrial Membrane Potential-Previously, increased cellular free tubulin induced by microtubule-destabilizing agents was shown to decrease mitochondrial ⌬⌿, an effect attributed to free tubulin-dependent inhibition of VDAC permeability. To assess the effects of VDAC knockdown on ⌬⌿, HepG2 cells were loaded with the mitochondrial ⌬⌿-indicating fluorophore TMRM and imaged by confocal microscopy. In HepG2 cells treated with non-target siRNA, mitochondria strongly labeled with TMRM (Fig. 1C,  upper left panel) . Knockdown of VDAC isoforms 1, 2, and 3 decreased mitochondrial TMRM labeling by 42, 59 , and 79%, respectively, compared with cells transfected with non-target siRNA (Fig. 1, C and D) . The greatest decrease of ⌬⌿ occurred after knockdown of VDAC3, the least abundant isoform. Fluo-rescent beads were used as fiduciary markers to standardize fluorescence between experiments (Fig. 1C, arrows) .
VDAC3 Knockdown Decreases Cellular ATP and ADP-To determine if decreased VDAC expression affects cellular adenine nucleotide concentrations, we measured ATP, ADP, and AMP after single knockdown of the three VDAC isoforms. Despite downward trends, ATP and ADP after VDAC1 and VDAC2 knockdown were not statistically significantly different than after non-target siRNA treatment ( Fig. 2A and  supplemental Fig. S1 ). By contrast after VDAC3 knockdown, ATP and ADP were decreased significantly by 48 and 27%, respectively ( Fig. 2A and supplemental Fig. S1 ). AMP, a precursor of ADP and ATP, remained unchanged after knockdown of each of the VDAC isoforms. Phosphate also was unchanged (supplemental Fig. S1 ). Energy charge also decreased after VDAC3 knockdown from 0.93 Ϯ 0.02 after non-target siRNA treatment to 0.89 Ϯ 0.02 (p Ͻ 0.05). Downward trends of energy charge after VDAC1 and VDAC2 knockdown were not statistically significant (data not shown). The ATP/ADP⅐P i ratio, an indicator of the cellular phosphorylation potential, decreased by 40% after VDAC3 knockdown but not after knockdown of the other VDAC isoforms (Fig. 2B) . In comparison to treatment with non-target siRNA, total adenine nucleotide levels were unchanged after knockdown of VDAC1 and VDAC2 but decreased by 45% after knockdown of VDAC3 (Fig. 2C) . Overall, VDAC3 was the isoform most important for maintenance of ATP levels in HepG2 cells.
Knockdown of VDAC3 Decreases NADH and NADH Redox State-VDAC mediates entry of pyruvate, acyl-CoA and most other respiratory substrates into mitochondria. These substrates reduce NAD ϩ to NADH. Accordingly, we assessed by multiphoton microscopy the effect of VDAC knockdown on mitochondrial NADH. Multiphoton fluorescence of reduced pyridine nucleotides, NADH and NADPH, arises almost exclusively from mitochondria, because fluorescence of NAD(P)H is highly quenched in the cytosol (35, 36) . In comparison to treatment with non-target siRNA, knockdown of VDAC1 and VDAC2 caused no change of mitochondrial NAD(P)H fluorescence (Fig. 2, D and E) . By contrast, VDAC3 knockdown decreased NAD(P)H fluorescence by 33% (Fig. 2, D and E) .
We further characterized the effect of VDAC3 knockdown on mitochondrial NAD(P)H/NAD(P) ϩ ratios. To estimate NAD(P)H, HepG2 cells after VDAC3 knockdown or non-target FIGURE 1. VDAC knockdown decreases mitochondrial membrane potential in HepG2 cells. In A, relative abundance of mRNA for VDAC1, VDAC2 and VDAC3 in native HepG2 cells was determined by qPCR. In B, cells were transfected with non-target siRNA and siRNA against VDAC1, VDAC2 and VDAC3. After 48 h, mRNA expression of the corresponding VDAC isoform and protein expression of all three isoforms were assessed by qPCR and immunoblotting. In C at 48 h after transfection with non-target siRNA and siRNA against VDAC1, VDAC2, and VDAC3, HepG2 cells were loaded with TMRM and imaged. Note decrease of mitochondrial TMRM fluorescence after knockdown of each VDAC isoform, but most markedly after VDAC3 knockdown. Image intensity was pseudocolored according to the reference bar. Arrows identify 4-m fiduciary fluorescent beads. In D, average TMRM fluorescence after knockdown was plotted in comparison to transfection with non-target siRNA. *, p Ͻ 0.05 from five independent experiments analyzing 4 -5 random fields containing 5-10 cells. FIGURE 2. VDAC3 knockdown decreases ATP, phosphorylation potential, adenine nucleotides, and NAD(P)H redox state. In A--C, adenine nucleotides and phosphate in HepG2 cells were measured after siRNA knockdown of VDAC1, VDAC2, and VDAC3, as described under "Experimental Procedures." In D, NAD(P)H autofluorescence was imaged by multiphoton microcopy. Note that VDAC3 but not VDAC1 or VDAC2 knockdown decreased mitochondrial NADH autofluorescence. In E, average NAD(P)H autofluorescence after knockdown of VDAC isoforms is plotted in comparison to transfection with non-target siRNA. In F, NAD(P)H autofluorescence before and after addition of CCCP plus oligomycin or myxothiazol was measured for HepG2 cells transfected with non-target siRNA and siRNA against VDAC3. *, p Ͻ 0.05 compared with Non-target or Baseline from three independent experiments analyzing 4 -5 random fields containing 5-10 cells.
siRNA treatment were exposed to an uncoupler (CCCP, 2 M) plus an ATP synthase inhibitor (oligomycin, 10 g/ml), the latter to prevent uncoupler-stimulated ATP hydrolysis. Uncoupler promotes nearly complete oxidation of NAD(P)H. Thus, the percentage decrease of autofluorescence after CCCP plus oligomycin treatment is proportional to NAD(P)H before the additions. This decrease after uncoupler was 41 and 22%, respectively, for non-target siRNA and VDAC3 knockdown (Fig. 2F) . In parallel experiments, we inhibited respiration with myxothiazol (10 M), a complex III respiratory inhibitor. Myxothiazol causes maximal reduction of mitochondrial NAD(P) ϩ , and thus the subsequent percentage increase of mitochondrial NAD(P)H autofluorescence is proportional to NAD(P) ϩ prior to respiratory inhibition. This increase after myxothiazol was 33 and 65%, respectively, after non-target siRNA and VDAC3 knockdown. From these measurements, NAD(P)H/NAD(P)
VDAC Knockdown Blunts Free Tubulin-induced Suppression of Mitochondrial Membrane
Potential Formation-In cancer cells, free tubulin is a dynamic negative regulator of mitochondrial ⌬⌿, and tubulin-induced inhibition of VDAC permeability is proposed as the mechanism underlying this regulation (9) . To investigate the effects of VDAC isoform knockdown on free tubulin-induced changes of mitochondrial ⌬⌿, HepG2 cells were treated with microtubule destabilizers and stabilizers to increase and decrease free tubulin, respectively. In cells transfected with non-target siRNA, nocodazole (10 M), a microtubule destabilizer, decreased mitochondrial TMRM uptake from 100 to 31 arbitrary units (AU) (Fig. 3, A and B) , similar to previous results in untreated HepG2 cells (9) . To investigate whether the nocodazole-induced decrease of ⌬⌿ was VDACdependent, VDAC isoform knockdowns were again performed. After siRNA treatment, TMRM uptake decreased to 56, 42, and 20 AU, respectively, after VDAC1, VDAC2, and VDAC 3 knockdown, as shown above (Fig. 1D) . Nocodazole further diminished TMRM uptake to 33, 19, and 13 AU, respectively (Fig. 3B) . Thus, all isoforms contributed to inhibition of ⌬⌿ formation by free tubulin. In absolute terms, VDAC3 knockdown diminished the effect of nocodazole on ⌬⌿ to the greatest extent. One interpretation of these results is that VDAC1 and VDAC2 are constitutively partially closed due to the blockage by endogenous free tubulin. Rather, VDAC3 is the VDAC isoform most constitutively open in wild type cells and least inhibited by endogenous free tubulin (Fig. 3, A and B) . In the absence of VDAC3, only VDAC1 and VDAC2 are present. Since VDAC1 and VDAC2 are already inhibited by endogenous free tubulin, nocodazole has little effect.
To assess the effects of decreasing cellular free tubulin on ⌬⌿ formation after VDAC knockdown, HepG2 cells were treated with the microtubule stabilizer, paclitaxel. Paclitaxel promotes microtubule polymerization and decreases free tubulin. After paclitaxel (10 M), TMRM fluorescence increased from 100 to 152 AU in cells transfected with non-target siRNA (Fig. 3, A and  B) . A similar increase occurred in wild type cells (9) . After knockdown of VDAC isoforms 1, 2, and 3, paclitaxel increased TMRM fluorescence from 56, 42, and 20 to 83, 68, and 48 AU, respectively ( Fig. 3A and B) . Although paclitaxel hyperpolarized mitochondria in VDAC1/2/3 knockdown cells, paclitaxel was unable to restore ⌬⌿ to non-target levels.
VDAC Double Knockdown Isolates Individual VDAC Isoforms-To better characterize the contribution of each VDAC isoform to the inhibitory effect of free tubulin, VDAC double knockdowns were performed. Double knockdowns of VDAC isoforms in all three possible combinations decreased corresponding mRNA and protein expression by ϳ90 and ϳ80%, respectively, without changing expression levels of the non-target VDAC isoform (supplemental Fig. S2 ). In confirmation of the single knockdown findings, VDAC double knockdowns decreased mitochondrial ⌬⌿ to different extents, and TMRM uptake decreased from 100 AU in cells transfected with non-target siRNA to 80, 45, and 37 AU, respectively, after dou-FIGURE 3. Single and double VDAC knockdowns decrease mitochondrial membrane potential and alter responses to free tubulin. HepG2 cells were loaded with TMRM at 48 h after siRNA transfection, as described in Fig. 1 . In A, single knockdowns of VDAC isoforms were performed, which decreased TMRM fluorescence compared with cells transfected with non-target siRNA (left panels). To varying extents, nocodazole (Ncz, 10 M) (middle panels) decreased TMRM uptake, whereas paclitaxel (Ptx, 10 M) (right panels) increased fluorescence. Images were collected 30 min after treatment. In B, results of treatments described in A were quantified. In C, double knockdowns of VDAC isoforms were performed in all possible combinations. To different extents, VDAC double knockdowns decreased TMRM fluorescence (left panels). Note also that nocodazole (middle panels) decreased and paclitaxel (right panels) increased TMRM fluorescence as quantified in D. *, p Ͻ 0.05 from five independent experiments analyzing 4 -5 random fields containing 5-10 cells. †, p Ͻ 0.05 compared with non-target baseline.
ble knockdown of VDAC1/2, VDAC1/3, and VDAC2/3 (Fig. 3,  C and D) . The decrease of ⌬⌿ was greatest when VDAC3 was knocked down in combination with either VDAC1 or VDAC2 and least in the VDAC1/2 double knockdown (Fig. 3, C and D) . These double knockdown results support observations of single VDAC isoform knockdowns to indicate that the least abundant VDAC isoform, VDAC3, was most important quantitatively to sustain ⌬⌿.
Double knockdown cells were also treated with nocodazole and paclitaxel. After nocodazole, mitochondrial TMRM fluorescence decreased from 81, 45, and 37 to 43, 14, and 17 AU, respectively, in VDAC1/2, VDAC1/3, and VDAC2/3 double knock-out cells (Fig. 3, C and D) . By contrast, paclitaxel increased TMRM fluorescence to 118, 101, and 90 AU (Fig. 3, C  and D) . Thus, in VDAC1/2 double knockdown cells expressing predominantly VDAC3, the depolarizing effect of nocodazole was greatest, and the hyperpolarizing effect of paclitaxel was least in comparison to cells predominantly expressing VDAC1 (VDAC2/3 knockdown) or VDAC2 (VDAC1/3 knockdown). These results together with the findings with single VDAC isoform knockdowns support the conclusion that free tubulin maintains VDAC1 and VDAC2 in a mostly closed state under baseline conditions and that VDAC3 is less sensitive to tubulin and is constitutively in a mostly open state. Thus, the least abundant VDAC3 is the VDAC isoform most important for maintenance of mitochondrial metabolism in HepG2 cells.
VDAC Isolated from HepG2 Cells Forms Channels in Planar Lipid
Membranes-When VDAC isolated from mitochondrial fractions of HepG2 cells was reconstituted into planar lipid membranes, typical VDAC channels were observed with singlechannel conductances of ϳ4.2 nS in 1 M KCl, characteristic voltage-gating behavior and characteristic conductance versus voltage curves (supplemental Fig. S3, A and B) . Addition of nanomolar free dimeric tubulin to the surrounding membrane buffer solution induced characteristic blockages of channel conductance, as described previously (24) (supplemental Fig.  S3C ). Thus, VDAC isolated from HepG2 mitochondria and reconstituted into a planar lipid membrane forms typical channels with the properties previously described for VDAC from other sources.
VDAC Isoforms Show Different Sensitivity to Blockage by Tubulin-To determine if free tubulin inhibition was specific for a particular VDAC isoform, VDAC was isolated from mitochondrial fractions of VDAC2/3, VDAC1/3, and VDAC1/2 double knockdown HepG2 cells to yield VDAC1, VDAC2, and VDAC3-enriched fractions, respectively. To obtain VDAC gating behavior representative of the majority of channels in each isoform-enriched fraction, experiments were performed on multi-channel membranes with an average of about 50 channels inserted, as described (32) (33) (34) . During application of a slow periodic triangular voltage wave, channel closure at different potentials was expressed as conductance, G, normalized to maximal conductance, G max , in each voltage wave period. For fractions enriched in each of the three VDAC isoforms, nearly identical dependences of normalized conductance versus voltage were obtained (Fig. 4A) , which was identical to conductance of VDAC isolated from control wild type cells (supplemental Fig. S3C ). An asymmetry of voltage gating with more pronounced closure at negative potentials is indicative of an intrinsic asymmetry of VDAC in which the channel has two different closed states depending on the sign of the applied voltage (24, 32, 33) . Although the voltage gating was similar for the three VDAC-enriched fractions, the response to tubulin blockage was remarkably different. Tubulin (10 nM) enhanced the responses to voltage for VDAC1-and VDAC2-enriched fractions (isolated from VDAC2/3 and VDAC1/3 double knockdown HepG2 cells, respectively), whereas the same concentration of tubulin had virtually no effect on VDAC3-enriched fractions isolated from VDAC1/2 double knockdown cells (Fig.  4B) . These results confirm that the VDAC species isolated from VDAC1/2 double knockdown cells is indeed different from that FIGURE 4. VDAC 1, 2, and 3 isoforms have different sensitivity to blockade by tubulin. Double knockdowns of VDAC isoforms were performed in all possible combinations in HepG2 cells, and the remaining VDAC isoform was isolated and inserted into lipid bilayers. In A, normalized average conductance, G/G max , is plotted versus applied voltage for the three VDAC isoforms in the absence of tubulin. In B, tubulin (10 nM) was added to both sides of the membrane, which increased VDAC voltage-induced closure and decreased minimum conductance at Ͼ Ϯ 40 mV for VDAC1 and 2 but did not affect VDAC3. In C, normalized conductance at Ϫ50 mV was plotted for all VDAC isoforms at tubulin concentrations of 10 nM and 50 nM, as indicated. *, p Ͻ 0.001 compared with no tubulin from 3-6 experiments for each group.
isolated from VDAC1/3 and VDAC2/3 double knockdown cells.
The difference in tubulin sensitivity of the different VDAC isoforms is best illustrated in plots of tubulin-induced decreases of the normalized conductance, G/G max , at Ϫ50 mV before and after addition of 10 nM tubulin (Fig. 4C ). Tubulin at 50 nM was not enough to induce significant closure of VDAC3, whereas only 10 nM tubulin was enough to induce 50 and 32% decreases, respectively, of VDAC1 and VDAC2 conductance (Fig. 4, B and  C) . Tubulin at 50 nM was the maximum concentration tested because higher concentrations of tubulin induced massive VDAC insertions that eventually led to the membrane rupture. These data show that VDAC isoforms have different sensitivities to inhibition by tubulin: VDAC1 Ͼ VDAC2 Ͼ Ͼ VDAC3.
Erastin Blocks and Reverses the Effect of Free Tubulin on Mitochondrial Membrane
Potential-Erastin is a VDAC-binding small molecule that is selectively lethal to cancer cells (27) . Accordingly, we investigated whether erastin affected the interaction of tubulin with VDAC. Treatment of HepG2 cells with erastin (10 M) increased mitochondrial TMRM uptake from 100 to 149 AU (Fig. 5, A and C) . Although colchicine and nocodazole strongly decreased mitochondrial ⌬⌿ (see Fig. 3 , B and D), pretreatment with erastin (10 M) abrogated completely mitochondrial depolarization induced by nocodazole and colchicine (Fig. 5, A, right panels, and C) . Moreover, when cells were first treated with nocodazole or colchicine to depolarize mitochondria to 39 and 49 AU, respectively, subsequent erastin (10 M) restored mitochondrial TMRM uptake to 90 and 74 AU (Fig. 5, B and D) . These findings show that erastin can both prevent and reverse free tubulin-dependent inhibition of mitochondrial ⌬⌿ formation.
Erastin Antagonizes Blockage of VDAC Conductance by
Tubulin-The effects of erastin on tubulin-dependent changes of mitochondrial ⌬⌿ suggested that erastin was preventing tubulin-induced blockage of VDAC conductance. To address directly effects of erastin on VDAC conductance, VDAC from wild type HepG2 cells was reconstituted into planar membranes in the presence and absence of tubulin and/or erastin. Tubulin (50 nM) decreased multichannel current at high positive and negative potentials (Ͼ40 mV), signifying a tubulininduced decrease of VDAC conductance (Fig. 6A, compare  upper [control] and middle traces). In the middle trace, dotted lines indicate slopes of high or open conductance (o) and low or closed conductance (c). Erastin (50 M) added after tubulin completely abolished the effects of tubulin and restored a current-voltage profile that was essentially identical to that observed in the absence of tubulin (Fig. 6A, lower trace) . When added alone in the absence of tubulin, erastin had no effect on the current-voltage profile for VDAC (data not shown). Thus, the effect of erastin on VDAC conductance was specific for tubulin-dependent blockage of conductance, since erastin had no effect on conductance in the absence of tubulin. Normalized conductance versus voltage plots confirmed that erastin reverses and abrogates enhancement of VDAC voltage gating by tubulin (Fig. 6B) .
DISCUSSION
Despite the aerobic glycolysis of Warburg metabolism in cancer cells, tumor mitochondria are functional and produce ATP by oxidative phosphorylation (7, 37) . Except for a few membrane-permeant lipophilic compounds, such as molecular oxygen, virtually all metabolites that enter and leave mitochondria must cross the mitochondrial outer membrane through VDAC (32, 38, 39) . Although generally considered to be constitutively open during metabolism to allow free diffusion of metabolites across the outer membrane, recent data suggests that VDAC can close physiologically to inhibit exchange of metabolites between mitochondria and the cytosol (9, 11, 21, 24, 40) . Here, our findings show that knockdown of VDAC decreases ⌬⌿ and that the magnitude of decrease is different depending on the VDAC isoform(s) knocked down (Figs. 1, C and D and 3, A-D). These findings support the conclusion that VDAC is limiting for metabolite exchange and ⌬⌿ formation in HepG2 human hepatoma cells.
In Hela cells and in PC-12 cells, VDAC1 and VDAC2 are the most abundant isoforms and VDAC3 is a minor isoform as assessed by qPCR (41, 42) . Our results using a different cell line, HepG2, showed also that VDAC 1 and 2 are the major VDAC isoforms (40 and 49%, respectively) followed by VDAC3 (11%).
Unexpectedly, knockdown of the minor isoform, VDAC3, produced the greatest decrease of ⌬⌿ compared with other isoform knockdowns. Knockdown of VDAC3 but not of VDAC1 and VDAC2 also significantly decreased ATP, ADP, total adenine nucleotides, energy charge, phosphorylation potential, and NAD(P)H/NAD(P) ϩ ratio (Fig. 2, A-F ). An implication of these findings is that VDAC1 and VDAC2 are mostly closed in HepG2 cells, whereas the less abundant VDAC3 remains open, which would account for the greater effects of VDAC3 knockdown on mitochondrial metabolism and ⌬⌿ formation.
Previously, we showed that free tubulin dynamically modulates ⌬⌿ in cancer cells and proposed that the inverse relationship between cytosolic free tubulin levels and mitochondrial ⌬⌿ is due to inhibition of VDAC by free tubulin, a proposal based on earlier findings that free tubulin blocks VDAC reconstituted into planar lipid bilayers and suppresses respiration of isolated mitochondria and permeabilized cells (24, 25, 43) .
Consistent with our findings, paclitaxel but not nocodazole causes increases in respiration and production of reactive oxygen species, leading to release of cytochrome c. Paclitaxel is also proposed to promote opening of the permeability transition pores without having a direct effect on the respiratory chain. Whether increased respiration after paclitaxel is due to an uncoupling effect is controversial (44 -46) . Our results suggest that paclitaxel is promoting respiration through VDAC opening.
In the present study to show that VDAC deficiency causes ⌬⌿ to decrease, single and double knockdowns of VDAC1, VDAC2, and VDAC3 were performed in all possible combinations. Findings from these knockdown experiments indicated that the greatest decrease of ⌬⌿, the highest response to nocodazole and the lowest response to paclitaxel occurred after VDAC3 knockdown alone and after double knockdowns of VDAC1/3 or VDAC2/3 (Fig. 3, A-D) . These observations led to the hypothesis that endogenous tubulin inhibits VDAC1 and VDAC2 conductance more than VDAC3 conductance and that VDAC3 is constitutively in a more open state than VDAC1 and VDAC2. Accordingly by this hypothesis in intact HepG2 cells, increases of free tubulin by agents like nocodazole have a relatively larger effect on VDAC3 because VDAC1 and VDAC2 are already closed by tubulin under baseline conditions. By contrast, paclitaxel which decreases free tubulin has a small effect on VDAC3 because endogenous free tubulin in the intact cells is causing little inhibition of VDAC3.
Studies using mouse VDAC expressed in VDAC deficient yeast show that VDAC1 and VDAC2 can each insert into phospholipid membranes and form channels with single-channel conductance, voltage dependence and ion selectivity established previously as characteristic of VDAC (47, 48) . By contrast, VDAC3 does not insert easily in planar phospholipid bilayers and does not show characteristic gating at high membrane potentials (48) . Yeast lacking endogenous VDAC have dysfunctional mitochondrial metabolism and lose the capacity to grow in non-fermentable medium. Expression of human and mouse VDAC1 or VDAC2 restores growth in non-fermentable medium and mitochondrial function, whereas VDAC3 reversed the VDAC-deficient phenotype much less efficiently (41, 47) . VDAC1 knock-out mice are viable with only slightly affected mitochondrial function, whereas VDAC2 gene deletion is embryologically lethal (49, 50) . Mice lacking VDAC3 have male infertility but are otherwise healthy (51) . Such observations have called into question whether VDAC3 forms functional channels in the mitochondrial outer membrane. Here, we show that VDAC3 appears to be open in intact cells and that VDAC forms functional channels in planar lipid bilayers with characteristic voltage gating. Poor channel function of VDAC3 in previous studies expressing VDAC3 in yeast or overexpressing VDAC3 in mammalian cells (41) may indicate that posttranslational modifications are required for proper VDAC3 functioning which may be missing in these models.
To better characterize the properties of the individual human VDAC isoforms, VDAC was isolated from HepG2 cells and inserted into planar lipid bilayers. For VDAC isolated from HepG2 cells not treated with siRNA, single-channel conductance, voltage-gating and blockage by dimeric tubulin were virtually identical to VDAC isolated from other sources, such as liver and heart mitochondria (supplemental Fig. S3 ). VDAC was also isolated from double knockdown HepG2 cells and inserted in lipid bilayers. Of the three isoforms, VDAC1 was the most sensitive to tubulin inhibition with VDAC2 almost equally sensitive. By contrast, tubulin even at 5-fold higher concentration had little effect on VDAC3 (Fig. 4C) . Overall, these results are consistent with the conclusion that VDAC3 does indeed function as a channel in the outer membrane and is constitutively open in proliferating HepG2 cells, whereas VDAC1 and VDAC2 are mostly blocked by tubulin, as we had inferred from measurement of various mitochondrial parameters in intact HepG2 cells made deficient of the VDAC isoforms in various combinations. To assess further tubulin-dependent control of VDAC conductance and mitochondrial ⌬⌿ formation, we evaluated erastin, a VDAC-targeting small molecule lethal in some cancer cell lines. Erastin increased ⌬⌿ in HepG2 cells and both blocked and reversed depolarization induced by colchicine and nocodazole (Fig. 5) . These findings implied that erastin antagonizes the effects of free tubulin on VDAC conductance. To test this hypothesis directly, erastin was evaluated in VDAC reconstituted into planar lipid bilayers. In this experimental setting also, erastin both blocked and reversed the inhibition of VDAC conductance by dimeric free tubulin (Fig. 6) . Future experiments will be needed to determine whether cell death induction by erastin is related to opening of VDAC channels.
In conclusion, our findings indicate that VDAC is an adjustable limiter (governator) of mitochondrial metabolism in HepG2 cells whose partial closure acts as a brake restricting mitochondrial ⌬⌿ generation, oxidative metabolism and NAD(P)H generation. VDAC blockage, which is most marked for VDAC1 and VDAC2 isoforms, is caused by high free tubulin levels in proliferating cancer cells compared with non-transformed cells (e.g. hepatoma versus hepatocytes, see (9) . Using VDAC3 from VDAC1/2 double knockdown HepG2 cells reconstituted into planar phospholipid bilayers, our findings also indicate that VDAC3 indeed does form functional channels that share the electrophysiological and functional characteristics of VDAC1 and VDAC2 with the exception of much smaller sensitivity to tubulin inhibition. The small anti-cancer molecule, erastin, antagonized inhibition of VDAC by tubulin. Thus, interference of interactions of tubulin with VDAC represents a new target for drug discovery, since drugs antagonizing this interaction, such as erastin, might lead to reversion of Warburg metabolism to the metabolism of non-cancerous cells with consequent anti-proliferative effect.
